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
1RPHQFODWXUH

&39 &RQFHQWUDWHG3KRWR9ROWDLF
39 3KRWR9ROWDLF
Į 6RODU$OWLWXGHDQJOH
Ȗ 6RODU$]LPXWKDQJOH
i ,QFLGHQFHDQJOH
7LOW $QJOHEHWZHHQWKHJURXQGDQGWKHSDQHO 
,QWURGXFWLRQ
,Q UHFHQW \HDUV PDQ\ &RQFHQWUDWHG 3KRWR9ROWDLF V\VWHPV &39V DQG WKHUPDO FRQFHQWUDWRU V\VWHPV KDYH EHHQ
GHYHORSHG>@$VRODUFRQFHQWUDWRUV\VWHPKDVEHHQLQWURGXFHGDQGGHYHORSHGLQRUGHUWRUHGXFHWKHVLOLFRQQHHGHG
IRUSKRWRYROWDLFHOHFWULFDOHQHUJ\SURGXFWLRQZLWKWKHSRVVLELOLW\WRSURGXFHHOHFWULFDOHQHUJ\DQGWKHUPDOHQHUJ\DW
WKHVDPHWLPHWRUHGXFHWKHQHHGHGVXUIDFH7KHPDLQLGHDWKDWDUHEDVHGWKHVHV\VWHPVLVWRUHSODFHWKHSKRWRYROWDLF
DFWLYH VXUIDFHZLWK UHIOHFWLYHRU UHIUDFWLYHVXUIDFH WKDWDUHPXFK OHVVH[SHQVLYH0RUHRYHUE\XVLQJ WKH UHSODFHG
PDWHULDOVLVSRVVLEOHWRLQFUHDVHWKHFRQYHUVLRQHIILFLHQF\RIWKHRYHUDOOV\VWHP7KHVRODUUDGLDWLRQLVIRFXVHGWKURXJK
PLUURUVRUOHQVHVRQWRDOLPLWHGVXUIDFHRISKRWRYROWDLFPDWHULDO2QWKHRWKHUKDQGWKHXVHRIFRQFHQWUDWLQJVRODU
V\VWHPVUHTXLUHGPHFKDQLFDODQGHOHFWURQLFV\VWHPVWRWUDFNWKHVXQWKDWLQFUHDVHWKHFRVWRIWKHV\VWHPDQGFRQGLWLRQV
WKHSHUIRUPDQFH7KLVLPSOLHVDPRUHDFFXUDWHO\DQGIUHTXHQWPDLQWHQDQFHSURJUDPV
2SHUDWLRQ DW KLJK FRQFHQWUDWLRQ IDFWRU FDQ UHGXFH HOHFWULFDO HQHUJ\ SURGXFWLRQ FDXVHG IURP KLJK RSHUDWLYH FHOO¶V
WHPSHUDWXUHEHFDXVHWKHLUHIILFLHQF\GUDVWLFDOO\ZKHQWKHWHPSHUDWXUHLVRYHUWKH&7KHVROXWLRQLVWKHLQWURGXFLQJ
RIDZDWHUFLUFXLWWKDWDOORZVOLPLWLQJWKHWHPSHUDWXUH
*HQHUDOO\DWKHUPDOVRODUFRQFHQWUDWRUZRUNVDWJHQHUDOO\RYHU&WRDOORZDJRRGHIILFLHQF\RIWKHV\VWHP
>±@VRLWLVRYHUWKHDOORZHGRSHUDWLYHWHPSHUDWXUHOLPLWRIWKHVRODUFHOOV7KXVWKHGHYHORSPHQWRI397LVDWUDGH
RIIEHWZHHQWKHSURGXFWLRQRIHOHFWULFDODQGWKHUPDOHQHUJ\
,Q397VRODUFRQFHQWUDWRUWKHWKHUPDOHQHUJ\SURGXFWLRQLVDFKLHYHGE\WKHUHFRYHU\RIWKHKHDWJHQHUDWHGE\WKH
VRODUFHOOVDQGWKLVTXRWHRIHQHUJ\LVXVHGWRSURGXFHKRWZDWHU
7KHDLPRIWKLVZRUNLVWKHSUHOLPLQDU\SHUIRUPDQFHDQDO\VLVRQWKHFDSDELOLW\WRPDNHDYDLODEOHDFRQFHQWUDWHGVRODU
IOX[RQWKHUHFHLYHU
0DQ\SRVVLEOHHUURUVLQIOXHQFHWKHFRUUHFWIRFXVHJ WKHFRQVWUXFWLYHTXDOLW\RIWKHFRQFHQWUDWRUDQGWKHWUDFNLQJ
HUURU7KHVHSUREOHPVDUHSHUIRUPDQFHLQIOXHQFLQJIRUKLJKFRQFHQWUDWLRQV\VWHPEXWD;V\VWHPLVDEOHWRHQGXUH
ELJJHUIRFXVHUURUV
1.1. The device description  
7KH DQDO\]HG V\VWHP )LJ  LV D OLQHDU VRODU FRQFHQWUDWLQJ V\VWHP >@ XVLQJ ORZ SURILOH SDUDEROLF UHIOHFWRU WR
FRQFHQWUDWHWKHVRODUUDGLDWLRQLQWRDVWULQJRIPRQRFU\VWDOOLQHFHOOV>@ZLWKD[FRQFHQWUDWLRQIDFWRU
7KHFHOOVDUHFRROHGE\PHDQVRIZDWHUIORZLQJWKURXJKFRXQWHUIORZWZRSLSHVSODFHGLQWKHDOXPLQXPVRODUUHFHLYHU
WKLVVROXWLRQLVDEOHWRUHGXFHWKHFHOO¶VWHPSHUDWXUHDQGLWSURYLGHVDWKHUPDOHQHUJ\UHFRYHU\IRUWKHSURGXFLQJRI
GRPHVWLFKRWZDWHUWKLVVROXWLRQLVLPSOHPHQWHGE\RWKHUV\VWHPDVLQ5RVHOOHWDO>@
7KHGHYLFHLVDOLQHDUSDUDEROLFFRQFHQWUDWRUVLWLVPDGHLQJODVVILEHUDQGLWXVHVDVSHFLILFUHIOHFWLYHILOP
7KH UHFHLYLQJ DUHD IRU HDFK FRQFHQWUDWRUV FRXOG EH IURP  WR  P LW GHSHQGV IURP WKH OHQJWK RI HDFK
FRQFHQWUDWRU WKH WKHRUHWLFDOPD[LPDO HQHUJ\ LQSXW FRXOG EH IURP  WR  N:ZKHQ WKH V\VWHP LV SHUIHFWO\
DOLJQHG
7KHWUDFNLQJV\VWHPLVPRQRD[LDOV\VWHPDQGWKHPDLQGLUHFWLRQLVHVWZHVWWKHSDQHOLVLQFOLQHGRIZLWKWKH
KRUL]RQWDOSODQHLWLVWKHDQJOHRIDJHQHULFGRPHVWLFURRILQ7XVFDQ\7KLVFRQILJXUDWLRQLQYROYHPHQWVDQRWSHUIHFW
DOLJQPHQWZLWKWKHVXQRIWKHUHFHLYHUEXWLWLVDNQRZQOLPLWRIWKHVLQJOHWUDFNLQJD[LV>±@
$OOSKRWRYROWDLFOLQHDUFRQFHQWUDWRUWKDWXVHVDRQHD[LVVLPSOHUWUDFNHUSUHVHQWVWKHHIIHFWRI³HQGORVVHV´LVVXH>@
$SDUWRIWKHUHFHLYHULVQRWLOOXPLQDWHGWKXVLWUHGXFHGWKHSHUIRUPDQFHRIWKHV\VWHP7KLVVLWXDWLRQLVFULWLFDOIRUWKH
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VRODUFHOOEHFDXVHWKHQRWLOOXPLQDWHGFHOOVEORFNWKHHOHFWULFFLUFXLWWRWKHRWKHUVEXWIRUWKHWKHUPDODVSHFWWKHVKDG\
]RQHUHGXFHVRQO\WKHUHFHLYLQJ]RQHWKXVWKHDYDLODEOHHQHUJ\
7KHVRPHGHYLFHVIRXURUPRUHDUHPRXQWHGRQDIUDPHWKDWDOORZVUHDOL]LQJDVRODUPRGXOHWKDWSUHVHQWVDIRRWSULQW
HTXLYDOHQWDFRPPHUFLDOVRODUPRGXOHDERXWP7KLVVROXWLRQXVHVRQO\RQHWUDFNLQJV\VWHPIRUDOOWKHGHYLFHV

D E 
)LJD7KHGHYLFHDQGE$FRPELQHGFRQILJXUDWLRQRIWKHGHYLFH
5D\WUDFLQJDQDO\VLV
7KHVWXG\VWDUWVWRLQYHVWLJDWHWKHHIIHFWRIDJHQHULFIRFXVHUURURQWKHDYDLODEOHHQHUJ\IRUWKHUHFHLYHUWKHVHHUURUV
FRXOGEHSURGXFHGE\WKHWUDFNLQJV\VWHPRUE\WKHFRQVWUXFWLYHWROHUDQFHRIWKHUHIOHFWLYHVXUIDFH
7KHHUURUVDUHUHSUHVHQWHGE\OLWWOHURWDWLRQVRUWUDQVODWLRQVUHVSHFWDIL[HG&DUWHVLDQV\VWHPIURPWKHFRQGLWLRQRI
SHUIHFWIRFXVVHH)LJZKLFKLVZKHQWKHUD\VDUHSDUDOOHOZLWKWKH=D[HV7KH;D[LVLVPDLQD[LVIRUWKHWUDFNLQJ
7KH VWXG\ LV DQXPHULFDO UD\ WUDFHVDQDO\VLV DSSOLHGRQD VOLFHG VHFWLRQRI WKHFRQFHQWUDWRU WKLVZD\ UHGXFHV WKH
FRPSXWDWLRQDOFRVW7KHFRGHJHQHUDWHVDGHILQHGQXPEHUVRIUD\VIURPDVXUIDFHDQGLWWUDFNVWKHSDWKRIHDFKUD\
FRQVLGHULQJ WKHRSWLFDO ODZHJ WKHUHIOHFWLRQ7KHUHFHLYHUFHOO LVDVXUIDFH WKDWZRUNVDVDSHUIHFWDEVRUEHU WKH
UHIOHFWLYHVXUIDFHFRQVLGHUVWKHSURSULHWLHVRIWKHFRPPHUFLDO$ODQRG0LURILOP
7KHQXPEHURIWKHWUDFNHGUD\VWKDWLQIOXHQFHGLUHFWO\WKHH[HFXWLRQWLPHWKXVWKHUHGXFLQJRIFRPSXWDWLRQDOGRPDLQ
DOORZVSHUIRUPLQJPDQ\VLPXODWLRQVLQOLWWOHWLPH


)LJ,PDJHRIVOLFHGVHFWLRQDQG&DUWHVLDQFRRUGLQDWHV\VWHP
7KHVOLFHGHHSVPPEXWWKHUHFHLYHUFRQVLGHUVPPDVWKUHHDGMRLQLQJHOHPHQWVWKLVFRQILJXUDWLRQHYDOXDWHVWKH
FDVHVZKHUHWKHIRFXVPRYHVRQQH[WSRUWLRQRIWKHUHFHLYHU
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2.1. Rotation analysis  
7KH DQDO\VLV SHUIRUPV VRPH GLVWXUEDQFHV RQ WKH SDUDEROD¶V SRVLWLRQ ZKLOH WKH UHFHLYHU DQG WKH UD\ GLUHFWLRQ LV
PDLQWDLQHGIL[HG7KHDQJOHUDQJHLVIURPWRGHJUHHUHVSHFWHDFKD[LV


)LJ;$[LVURWDWLRQFDVHV
7KHJUDSKRI)LJVKRZVWKHHIIHFWRIWKHURWDWLRQVDURXQGWKH;D[LV7KHJUHHQOLQHVKRZWKHDYDLODEOHHQHUJ\IRU
WKHFHOOWKHEOXHOLQHLVWKHHQHUJ\WKDWOLJKWWKHFHOO7KHYLROHWOLQHLVWKHFXWRIIWKLVFRQGLWLRQRFFXUVZKHQWKHFHOO
LVOLJKWHGIRUOHVVRILWV7KHRSHUDWLYHUDQJHLVIURPWRZLWKDIODWUHVSRQVHIURPWR
7KHLPDJHRI)LJDQG)LJVKRZWKHHIIHFWRIDURWDWLRQDURXQG<D[LVDQG=D[LVLQWKHVHFDVHVWKHVWXG\FRQVLGHUV
WKHSRVVLELOLW\WKDWDQHQHUJ\VKDUHFDQJHWRQWKHDGMDFHQWFHOOV,QWKHLPDJHVWKHVHFHOOVDUHGHILQHG&HOO;RU&HOOV
±;7KHURWDWLRQHIIHFWRQWKHPDLQFHOOLVDOLQHDUGHFOLQHEXWWKHQH[WFHOOVUHFRYHUVWKHORVWHQHUJ\VRWKHJOREDO
SHUIRUPDQFHDUHQRWVHQVLWLYHWRURWDWLRQRIWZRGHJUHH


)LJ<$[LVURWDWLRQFDVHV

)LJ=$[LVURWDWLRQFDVHV
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2.2. Translations analysis 
2WKHULPSRUWDQWZD\VIRUWKHIRFXVHUURUJHQHUDWLRQDUHWKHWUDQVODWLRQVRQ<DQG=GLUHFWLRQV(UURUVRQWKH;GLUHFWLRQ
GRQRWLQIOXHQFHWKHSHUIRUPDQFHVEHFDXVHWKLVVWXG\HYDOXDWHVHUURUVDERXWPLOOLPHWHUEXWWKHDFWXDOGLPHQVLRQLQ
;GLUHFWLRQLVDERXWPP7KHJUDSKVRI)LJDQG)LJUHSRUWWKHORZVHQVLWLYLW\WRWKHWUDQVODWLRQVLQIDFWLQ
DUDQJHRIPPWRPPWKHFHOOSRZHULVRYHUWKHRIWKHPD[LPXP
7KHLVVXHLVWKDWWKHSODQH<=LVWKHURWDWLRQSODQHRQ;D[LVDQGWKHSUHYLRXVDQDO\VLVVKRZVDOLPLWRIRQHGHJUHH
EHIRUHWKHFXWRIIDQGWKLVLVHTXLYDOHQWDFRPELQHGWUDQVODWLRQRIRQHPP


)LJ<7UDQVODWLRQFDVHV

)LJ=7UDQVODWLRQFDVHV
7UDFNLQJRULHQWDWLRQDQDO\VLV
7KH LQYHVWLJDWHG GHYLFH XVHV RQO\ D PRQRGLUHFWLRQ WUDFNLQJ VR WKH SHUIRUPDQFH LVVXH DQDO\VLV QRZ IRFXV WR
LQGLYLGXDWHWKHEHWWHUWUDFNLQJGLUHFWLRQVIRUGLIIHUHQWFDVHVZKHQWKHGHYLFHLVVRXWKRULHQWHGDQGLWLVIODWZLWKWKH
JURXQG7KHDQDO\VLVXVHVWKH(1($GDWDIRUWKHVXQSRVLWLRQLQ)ORUHQFH,WDO\>@
7KHUHDUHWZRSRVVLELOLW\IRUWKHURWDWLRQD[LV
 7KH1RUWK6RXWKVRWKH6XQ(VW:HVWSRVLWLRQLVWUDFNHG
 7KH(VW:HVWVRWKH6XQDOWLWXGHLVWUDFNHG
7KLVDQDO\VLVFRQVLGHUVDFRQILJXUDWLRQZLWKILYHSDUDEROLFFRQFHQWUDWRUVDQGWKHJOREDOSHDNHOHFWULFSRZHULV:
ZLWKDHIILFLHQF\
7KHPRQRD[LVWUDFNLQJLPSOLHVWKHSUHVHQFHRIDQLQFLGHQFHDQJOH³i”EHWZHHQ6XQDQGWKHFRQFHQWUDWRU
7KLVDQJOHLVHYDOXDWHGE\WZRHTXDWLRQIRUWKHWZRWUDFNLQJRULHQWDWLRQV
 (VW:HVWL DUVHQVHQʌ±ĮFRVȖ
 6XQDOWLWXGHL DUVHQVHQĮFRVȖ
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:KHUHWKHDQJOHĮLVDOWLWXGHDQGWKHDQJOHȖLVWKHD]LPXWKRIWKH6XQLQDVSHFLILFWLPHIURPJUDSKRI)LJ
7KLVJUDSKVVKRZWKHPRQWKO\DYHUDJHYDOXHRIWKHVXQSRVLWLRQIRUHYHU\KRXUV,QWKHD]LPXWK¶VJUDSKWKHDQJOH
UHIHUHHVWRWKHVRXWKGLUHFWLRQLQWKHDOWLWXGHWKHDQJOHLVWKHKRUL]RQ

D E 
)LJD6XQDOWLWXGHDQJOHVDQGE6XQ$]LPXWKDQJOHVLQ)ORUHQFH,WDO\
7KHDFWXDOGHYLFH LV OLPLWHG OHQJWK WKXV WKHHQGZDOOHIIHFW LVSUHVHQW >@ WKXVDSUHOLPLQDU\ UD\ WUDFHDQDO\VLV
HYDOXDWHVDIXQFWLRQEHWZHHQWKHDQJOHi DQGWKH UHGXFWLRQRIDYDLODEOHHQHUJ\IRUWKHFRQFHQWUDWRU7KHJUDSKRI)LJ
UHSRUWV WKHDYDLODEOHHQHUJ\ LQ IXQFWLRQRI WKHDQJOH i WKHHQHUJ\YDOXH LV UHIHUUHG WR WKHFDVHZLWK WKHVXQUD\V
SHUSHQGLFXODUWRWKHSDQHO


)LJ$YDLODEOH(QHUJ\9V$QJOHiUHVSHFWPD[LPDODYDLODEOH
7KHHQHUJ\HYDOXDWLRQLVSURGXFHGWKURXJKWKHHTXLYDOHQWKRXURIPD[LPDOSRZHURXWSXWWKHSURFHGXUHFDOFXODWHVWKH
DYHUDJHYDOXHRIVXQKRXUVXVLQJWKHVXQSRVLWLRQDQJOHVWKHLQFLGHQWDQJOHRQWKHGHYLFHDQGWKHDYDLODEOHHQHUJ\
FXUYHDIWHULWFRQVLGHUVWKHRIHIILFLHQF\RI39FHOOV
2XWSXWIURPWKLVHYDOXDWLRQVKRZVDQHOHFWULFHQHUJ\SURGXFWLRQRIN:KWKH(VW:HVWWUDFNLQJDQGN:KIRU
WKH6XQDOWLWXGHFDVHV
3.1. Shading between devices effect  
8QWLOQRZWKHDQDO\VLVGRHVQRWFRQVLGHUWKHHIIHFWRIVKRZLQJEHWZHHQWKHGHYLFHVDVWKH\DUHDWLQILQLWHGLVWDQFH
EXWZKHQDGHYLFHLVKDOIVKDG\LWLVLQFXWRIIFRQGLWLRQWKXVLWGRHVQRWSURGXFHHOHFWULFHQHUJ\
6RWKHSURFHGXUHLVH[WHQGHGWKHHYDOXDWLRQRIVKDGLQJWKHJUDSKRI)LJVKRZVWKHHIIHFWRQWKHFDVHZLWK(VW
:HVWWUDFNLQJWKHYDOXHVDUHUHIHUUHGDWWKHFDVHDWLQILQLWHGLVWDQFHWKH)LJVKRZVWKHFDVHZLWK6XQDOWLWXGH
WUDFNLQJ7KH(VW:HWFDVHLVWKHPRUHSHQDOL]HGEHFDXVHWKHPLQLPXPORVVLVWKHZKHQWKHGLVWDQFHLVDERXWWKH
RIWKHDSHUWXUHRIRQHGHYLFH7KH6XQDOWLWXGHFDVHVHH)LJVKRZVDORZHULQIOXHQFHLQIDFWWKHZRUVWFDVH
ORVVHVRQO\WKH
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

)LJ$YDLODEOHHQHUJ\9VGHYLFHGLVWDQFH(VW:HVWFDVH

 
)LJ$YDLODEOHHQHUJ\9VGHYLFHGLVWDQFH6XQDOWLWXGHFDVH
3.2. Tilt angle effect 
7KHVHFRQGHIIHFWWKDWQHHGVWREHFRQVLGHUHGLVWKHWLOWDQJOHWKHGHYLFHLVGHYHORSHGIRUUHVLGHQWLDOXVHZKHUHLWFRXOG
EHLQVWDOOHGRQDURRI)RUVLPSOLILFDWLRQWKHWLOWDQJOHLVDGGHGGLUHFWO\WRWKHVXQDOWLWXGHDQJOHWKLVLVDIRUPDOHUURU
EXWLWVHIIHFWVDUHLQIOXHQFLQJRQO\LQWKHFDVHVZLWKKLJKD]LPXWKDEVROXWHDQJOHZKHUHWKHGHYLFHGRHVQRWZRUN
7KHJUDSKRI)LJUHSRUWVWKHFRPSDULVRQEHWZHHQWKHWZRWUDFNLQJZD\DERXWWKHHOHFWULFHQHUJ\SURGXFWLRQLQD
\HDUV7KH(VW:HWFDVHSUHVHQWVLWVSHDNEHWZHHQLWLVDQH[SHFWHGUHVXOWEHFDXVHWKHUHIHUHQFHODWLWXGHLV

7KH6XQDOWLWXGHFDVHVKRZVDQLQVHQVLELOLW\IRUDQJOHELJJHUWKDQEXWIRUVPDOOHUDQJOHVWKHSURGXFWLRQSUHVHQWV
DQHYLGHQWGHFD\+RZHYHUWKHW\SLFDOURRIDQJOHLVEHWZHHQDQGWKXVWKH(VWZHVWWUDFNLQJSUHVHQWVDELJJHU
SURGXFWLRQ


)LJ(IIHFWRIWKHWLOWDQJOHRQHOHFWULFHQHUJ\SURGXFWLRQIRURQH\HDUV
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&RQFOXVLRQV
7KHSDSHUSUHVHQWVDPXOWLPHWKRGDSSURDFKIRUHYDOXDWLQJRIVRPHSHUIRUPDQFHLVVXHVLQDVRODUFRQFHQWUDWHGV\VWHP
7KLV GHYLFH SUHVHQWV D PRQRD[LDO WUDFNLQJ GLUHFWLRQ DQG D ORZ FRQFHQWUDWLRQ OHYHO WKH XWLOL]DWLRQ WDUJHW LV WKH
UHVLGHQWLDOEXLOGLQJV,QWKLVFRQWHVWVPDOOFRQFHQWUDWLRQV\VWHPVSUHVHQWPDQ\SHUIRUPDQFHLVVXHVEHFDXVHWKHFRVW
WRSURGXFHGHQHUJ\PXVWEHFRPSDUDEOHZLWKIODWSDQHOWKXVWKHUHDUHOLPLWDWLRQVRQWKHPDQXIDFWXULQJTXDOLW\
7KLVSDSHUIRFXVWRLQGLYLGXDWHWKHSHUIRUPDQFHLVVXHVDQGWRGHILQHVRPHSDUDPHWHUVWKDWDUHDEOHWRJXDUDQW\DQ
DFFHSWDEOHHQHUJ\SURGXFWLRQ
7KH ILUVW DQDO\VLV VKRZV WKH PD[LPXP SRVVLEOH HUURU RQ WKH IRFXV SRVLWLRQV WKHVH HUURUV DUH WKH FRPELQH RI
FRQVWUXFWLRQHUURUVDQGWUDFNLQJHUURUV7KHPRUHLPSDFWLQJOLPLWLVRQPDLQD[HVURWDWLRQDRQHGHJUHHHUURULVDEOH
WREULQJWKHFHOODWWKHFXWRIIFRQGLWLRQ
7KHVHFRQGDQDO\VLV LVIRFXVRQWKHWUDFNLQJGLUHFWLRQFRQWHPSODWLQJWKHGLVWDQFHEHWZHHQWKHGHYLFHVDQGWKHWLOW
DQJOH*HQHUDOO\WKH(VW:HVWWUDFNLQJLVDEOHWRSURGXFHPRUHHQHUJ\WKDQD6XQDOWLWXGHWUDFNLQJEXWWKLVWUDFNLQJ
GLUHFWLRQLVEHWWHUIRUKLJKWLOWDQJOHV
$FNQRZOHGJHPHQWV
7KHDXWKRUVZLVKDOVRWRDFNQRZOHGJH$OHVVDQGUR/HJDOXSSLIRUKLVFRQWULEXWLRQ
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